INTRODUCTION
Inositol oligophosphate synthesis is a characteristic of intracellular signal transduction processes activated by various hormones and sensory stimuli in a multitude of cells [1] . The key event is the activation of a phosphoinositide-specific phospholipase C. This enzyme yields two products with second messenger function, diacylglycerol and Ins(1,4,5)P3 (InsP3). InsP3 releases Ca2+ from internal stores which are part of the endoplasmic reticulum [2] . For inactivation, InsP3 is metabolized by dephosphorylation to Ins(1,4)P2 [3] . Alternatively InsP3 is phosphorylated by a 3-kinase- [4] . The product Ins(1,3,4,5)P4 (InsP4) also appears to be involved in Ca2+ regulation. Physiological and biochemical experiments indicate that InsP4 might act in concert with InsP3 [5, 6] . However, the actual function of InsP4 is still a matter of debate.
The InsP3 receptor [7] , a protein of apparent molecular mass 250 kDa purified from rat cerebellum [8] , has been reconstituted into lipid vesicles. This reconstituted preparation has been shown to mediate Ca2+ release after activation by Ins(1,4,5)P3 [9] .
The uncertainties about the function of InsP4 are related to the lack of knowledge about the cellular site of action of this inositol oligophosphate. It is still unknown whether InsP4 acts on the plasma membrane, on internal Ca2+ stores or on a structural element which connects the plasma membrane and the Ca2+ store. In order to attempt to answer these questions, we solubilized the high-affinity InsP4 receptor found in the cerebellum [10] . Similarly, InsP4 receptors have been described in HL-60 cells [11] and in parathyroid glands [12] . However, the InsP4 receptor has not yet been purified.
Recently we described that the InsP4 receptor in a membrane preparation from pig cerebellum binds Ins(1,3,4,5)P4, with a high selectivity for Ins (1, 3, 4, 5) P4 among several inositol phosphates tested [10] . We used this binding protein preparation for quantifying cellular InsP4 by a radioreceptor assay [13] . Subsequently, we enriched the solubilized membrane-bound InsP4 receptor from pig cerebellum by heparin-agarose chromatography and separated the InsP4 receptor from the InsP3-binding activity [14] . Heparin suppresses high-affinity InsP3 binding [16, 17] and blocks InsP3-induced Ca2+ release [18, 19] . Therefore, disappearance of a cellular effect after injection of heparin has frequently been taken as evidence for the involvement of Ins(1,4,5)P3. However, our results [10, 14] showed that InsP4 binding was also inhibited by heparin {IC50 (half-maximal inhibitory concentration) 15 ng/ml [14] } and related polyglycans with high potency. Therefore suppression by heparin is ambiguous, since it could imply involvement of Ins(1,4,5)P3 or of Ins(1,3,4,5)P4 in the activation process. In this context, the reason for the failure of heparin (50 ,ug/ml) to inhibit the Ca2+ resequestration induced by Ins(1,3,4,5)P4 [20] still has to be investigated.
Here we describe the purification and molecular identification of the InsP4 receptor.
MATERIALS AND METHODS

Materials
[3H]Ins(1,3,4,5)P4 (specific radioactivity 1020-1330 GBq/ mmol) was from Amersham, Braunschweig, Germany.
Ins(1,4,5)P3 and Ins(1,3,4,5)P4 (potassium salts) and Ins(l,2,3,4,5,6)P6 (sodium salt) were from Calbiochem, Frankfurt, Germany. Ins(1,4,5)P3, Ins(1,3,4,5)P4 and Ins (1, 3, 4, 5, 6 )P5 (ammonium salts) were from Boehringer, Mannheim, Germany. Heparin-agarose, Amido Black, Bio-Gel HT and Bio-Gel P-4 were from Bio-Rad, Munchen, Germany. CM-cellulose was from Whatman (Maidstone, Kent, U.K.). Brij 58 (polyoxyethylene monocetyl ether) and chemicals for electrophoresis were from Serva, Heidelberg, Germany. Molecular mass standards were from Pharmacia, Freiburg, Germany. All other chemicals were of analytical grade and were obtained from Merck, Darmstadt, Germany.
Methods
Preparation of membranes and solubilization were carried out as described [14] , with some minor modifications to improve the yield of active receptor. Pig cerebella freshly collected from the local abattoir were kept on ice for about 1 h before being homogenized in buffer containing (mM) Tris/HCl (50), EDTA (1) and mercaptoethanol (1), pH 7.7, at 4°C at a ratio of 100 g of tissue to 400 ml of buffer, using a Waring Blendor Table 1 .
NaCl and centrifuged. Subsequently the pellet was washed twice with homogenization buffer by resuspension and centrifugation (30 min, 35000 g). The final pellet, resuspended in buffer at a concentration of 20-30 mg of protein/ml, was homogenized using a Potter-Elvehjem homogenizer and kept at -20 0C.
For solubilization, the membrane suspension was centrifuged (10 min, 27000 g). The membrane pellet was mixed with solubilization buffer at a ratio of 5 ml of buffer to I g of membranes.
The solubilization buffer contained (mM) Tris/HCl (50), EDTA (1), NaCl (400) and mercaptoethanol (5), pH 7.5, plus Brij 58 (1.5 %, w/v). The mixture was stirred at 4 0C for 1 h, and centrifuged (1 h, 100000 g). The supernatant was dialysed in buffer A, and was applied to a CM-cellulose column (3 cm x 5 cm) equilibrated with buffer A. Buffer A contained (mM) Tris/HCl (50), EDTA (1) and mercaptoethanol (1), pH 7.5, plus Brij 58 (0.1 %, w/v). After washing with buffer A, proteins were eluted by increasing the NaCl concentration (see Fig. 1 ). The fractions with InsP4-binding activity were pooled and applied to a heparinagarose column (2 cm x 1.7 cm) equilibrated with buffer A. This column was eluted by increasing the NaCl concentration discontinuously (see Fig. 1 ). The fractions of the 0.8 M-NaCl eluate with InsP,-binding activity were pooled, dialysed in buffer B and subjected to hydroxyapatite chromatography (1 cm x 0.5 cm column). Buffer B contained (mM) KH2PO4/K2HPO4 (25), EDTA (1) and mercaptoethanol (1) was determined by measuring the radioactivity in the void volume [14] .
Protein contents of samples of detergent-solubilized membranes or ofdetergent-containing eluates from column chromatography were measured after precipitation with trichloroacetic acid by Amido Black, as described by Schaffner & Weissman [21] modified for Brij-58-containing samples. Discontinuous SDS/ PAGE was carried out according to Laemmli [22] . The gel was stained with Coomassie Brilliant Blue R250 or silver [23] .
RESULTS
By treatment with the non-ionic detergent Brij 58 we could solubilize the high-affinity InsP4 receptor from pig cerebellar membranes [10] . The fractions obtained during the purification of InsP4-binding activity were analysed by SDS/PAGE. Fig. 2 shows the protein bands after staining with Coomassie Brilliant Blue or silver. The active fraction from the CM-cellulose column (lane C) displayed a most prominent band at 46 kDa and another less intensely stained band at 37 kDa, apart from a series of bands with lower molecular masses. In the fraction eluted from the first heparinagarose column at 0.8 M-NaCl, where maximal InsP4-binding band was less prominent, whereas the two other bands were still present at a comparable density.
Comparison of the protein bands in the two fractions obtained from the second heparin-agarose column make the identification of the InsP4 receptor possible. In the 0.8 M-NaCl fraction, even with intense silver staining (Fig. 2b) , only two bands (37 and 42 kDa) were visible. The relative amount of the 37 kDa band was greatly decreased in the 0.8 M-NaCl fraction (Fig. 2a, lane I) in comparison with the 0.4 M-NaCl fraction. Since specific binding activity was 8-fold higher in the sample obtained at 0.8 MNaCl, the protein with approximate molecular mass 42 kDa represents the high-affinity InsP4 receptor from cerebellum.
DISCUSSION
In the present work, we achieved purification of the InsP4 receptor. The first purification step using the cation exchanger CM-cellulose substantially decreased the amount of protein left in the active fraction. With CM-cellulose and heparin-agarose chromatography we achieved a 1200-fold purification compared with the solubilized membrane preparation. After chromatography on a subsequent hydroxyapatite column, the yield of active receptor remained the same but the specific activity (referred to protein) was increased by a factor of four. The fraction with InsP4-binding activity obtained after hydroxyapatite chromatography, analysed by SDS/PAGE, revealed still three dominant protein bands. The second heparin-agarose column lowered the contributions of contaminating proteins, despite the decrease in specific activity observed in some experiments (see Table 1 ). This chromatographic step discriminated between the three protein bands mentioned above The InsP5 is present at high concentration [24] , and (ii) InsP. The InsP4 receptor is retained by CM-cellulose at pH 7.5.
Therefore the receptor is expected to be a basic protein, whereas the InsP3 receptor is an acidic protein [8] . These opposite overall electrical charges could favour a mutual binding of the two receptors. This is compatible with the notion of a direct interaction of the InsP4 receptor with the InsP3 receptor, predicted by the model of InsP4 action proposed by Irvine [25] .
The high-affinity InsP4 receptor described here is most likely not the Ins(1,3,4,5)P4 3-phosphatase, which is mostly soluble, or a kinase, as there is no evidence that under physiological conditions Ins(1,3,4,5)P4 is phosphorylated [1, 3] . The 
